a b s t r a c t 5 ,8-Cyclopurine-2 -deoxynucleosides including 5 ,8-cyclo-dA (cdA) and 5 ,8-cyclo-dG (cdG) are induced by hydroxyl radicals resulting from oxidative stress such as ionizing radiation. 5 ,8-cyclopurine-2 -deoxynucleoside lesions are repaired by nucleotide excision repair with low efficiency, thereby leading to their accumulation in the human genome and lesion bypass by DNA polymerases during DNA replication and base excision repair (BER). In this study, for the first time, we discovered that DNA polymerase ␤ (pol ␤) efficiently bypassed a 5 R-cdA, but inefficiently bypassed a 5 S-cdA during DNA replication and BER. We found that cell extracts from pol ␤ wild-type mouse embryonic fibroblasts exhibited significant DNA synthesis activity in bypassing a cdA lesion located in replication and BER intermediates. However, pol ␤ knock-out cell extracts exhibited little DNA synthesis to bypass the lesion. This indicates that pol ␤ plays an important role in bypassing a cdA lesion during DNA replication and BER. Furthermore, we demonstrated that pol ␤ inserted both a correct and incorrect nucleotide to bypass a cdA at a low concentration. Nucleotide misinsertion was significantly stimulated by a high concentration of pol ␤, indicating a mutagenic effect induced by pol ␤ lesion bypass synthesis of a 5 ,8-cyclopurine-2 -deoxynucleoside. Moreover, we found that bypass of a 5 S-cdA by pol ␤ generated an intermediate that failed to be extended by pol ␤, resulting in accumulation of single-strand DNA breaks. Our study provides the first evidence that pol ␤ plays an important role in bypassing a 5 ,8-cyclo-dA during DNA replication and repair, as well as new insight into mutagenic effects and genome instability resulting from pol ␤ bypassing of a cdA lesion.
Introduction
Reactive oxygen species (ROS) induced by endogenous oxidative stress and environmental factors such as ionizing radiation can attack genomic DNA and result in various types of DNA damage such as oxidized DNA base lesions, strand breaks and DNA-protein cross-links in the human genome [1, 2] . Because of its high reactivity with DNA bases, the hydroxyl radical ( • OH) leads to the formation of the majority of oxidized base lesions [3] . One type of oxidized DNA base lesion induced by • OH is the 5 ,8-cyclopurine-2 -deoxynucleosides (cdPu), which includes 5 ,8-cyclo-2 -deoxyadenosine (cdA) and 5 ,8-cyclo-2 -deoxyguanosine (cdG). These lesions can exist in a 5 R or 5 S configuration. It has been found that both configurations of cdPu lesions including 5 R cdA and 5 S cdA lesions can form naturally in the genomic DNA of mammals [4] [5] [6] [7] [8] [9] [10] . Because cdPu lesions caused by the highly reactive free radical, • OH, which can be generated in cells by both endogenous and exogenous sources such as ionizing radiation and carcinogens, cdPu lesions have been also proposed to be used as an oxidative DNA damage marker to evaluate the level of oxidative stress in mammals [5, 6, 11] . Previous studies have shown that 180-320 cdPus/cell can be produced in fetal and postnatal rat liver per day [4] . In addition, it has been estimated that cdA lesions occur at a frequency of one lesion/10 7 DNA bases [12] . In vitro studies have shown that the ratio of the amount of 5 R cdA to 5 S cdA in DNA is about 3:1 [6] , suggesting a different efficiency in production of various forms of cyclopurine lesions. cdPus contain an extra covalent bond that links the C5 of the 2 -deoxyribose and C8 of the purine in addition to the glycosidic bond. The extra covalent bond can alter DNA structure [13] , thereby stabilizing the glycosidic bond of the lesions [14] [15] [16] and preventing the cleavage of the bond by a DNA glycosylase [14] [15] [16] . Because 5 ,8-cyclopurine-2 -deoxynucleoside lesions can induce distortions to double-stranded DNA that can be recognized by nucleotide excision repair (NER) proteins, NER is the only repair pathway that can remove this type of DNA damage [17] [18] [19] . However, the efficiency of removal of a 5 R-and 5 S-cdA lesion by NER is 2-to 4-fold less than that for other bulky DNA adducts such as a cis-B[␣]P-N 2 -dG adduct [18] . This results in the accumulation of a high level of cdPus in the genome. This is supported by previous studies showing that a significant amount of cdPu lesions were detected in genomic DNA of cells and tissues of mammals and other organisms [5, 6, 12] . cdPus can severely impair normal cellular functions such as DNA replication and transcription [20] . It has been shown that both 5 R-cdA and 5 S-cdA can directly block RNA polymerase II synthesis by inhibiting recruitment of RNA polymerase II to a promoter region [17, 21] . cdPus can also completely block DNA synthesis of human replication polymerases such as pol ␦, causing replication fork stalling [19] . To resolve the stalled replication fork and restart DNA replication, Y family DNA translesion polymerases are recruited to perform translesion synthesis to bypass the base lesions [22] . However, a template 5 S-cdA can also block lesion bypass synthesis by Y family polymerases such as pol and pol , resulting in accumulation of DNA strand breaks and apoptosis [23] [24] [25] . Furthermore, the lesion bypass of a cdA by Y family polymerases is highly mutagenic [25] . Thus, unrepaired cdPus in the genome may lead to adverse biological effects, resulting in the development of human diseases and pathological conditions such as cancer, neurodegeneration and aging [5, [26] [27] [28] [29] .
DNA polymerase ␤ (pol ␤) is the smallest DNA polymerase identified in cells thus far [30] . It belongs to the X family of DNA polymerases [31] . Pol ␤ is composed of two subdomains, a 31 kDa polymerase domain and an 8 kDa deoxyribose phosphate (dRP) lyase domain [32] . It plays an essential role in filling gaps and removing a 5 -dRP group during BER [30, 32] . Similar to the Y family translesion synthesis polymerases, pol ␤ can also perform translesion synthesis to bypass a DNA base lesion during replication and BER [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . Previous studies have shown that pol ␤ can bypass small base lesions including 8-oxoG and apurinic/apyrimidinic sites (AP sites), as well as bulky DNA lesions including a cisplatin adduct, propano-2 -deoxyguanosine (PdG), benzo(a)pyrene (BaP) diolepoxide (BPDE) DNA adduct, BaP-dG adduct, pyrimidine(6-4)pyrimidone photoproduct (6,4-PP) and cyclobutane pyrimidine dimer (CPD) [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . Because pol ␤ lacks 3 -5 exonuclease activity for proofreading, it can insert an incorrect nucleotide to bypass a DNA base lesion, leading to a high frequency of mutation [30, [33] [34] [35] [36] [37] [38] [39] 41, 42] . For example, during its bypass of an AP site, pol ␤ can insert an adenosine opposite to the lesion that may ultimately result in C to T transition if the abasic site is originally derived from an 8-oxoG [35] . Pol ␤ bypass of bulky DNA adducts such as Pt-adducts can also induce mutations in the genome with a high frequency [33, 34, 36, 38, 39, 41, 42] . Thus, pol ␤ lesion bypass DNA synthesis can lead to mutations that may further result in the development of human cancer.
Previous studies have shown that several Y family DNA translesion synthesis polymerases can bypass a cdPu lesion during DNA replication with moderate efficiency [25] . It remains to be elucidated whether other DNA repair polymerases that can bypass DNA base lesions, such as pol ␤, may also bypass a cdPu during DNA replication and repair and whether the lesion bypass of a cdPu by these DNA polymerases may affect genome integrity and stability. We hypothesized that pol ␤ can bypass a 5 R-cdA and a 5 S-cdA during DNA replication and BER, and this may subsequently cause genome instability. This is supported by our recent study showing that pol ␤ can bypass both a 5 R-cdA and 5 S-cdA located in a CAG repeat tract by skipping over the lesions, thereby resulting in CTG repeat deletion [44] . To test this hypothesis, in this study, we initially examined DNA synthesis for bypassing a cdA with pol ␤ deficient and proficient cell extracts. We then characterized pol ␤ DNA synthesis in bypassing a cdA during DNA replication and BER and determined nucleotide insertions during pol ␤ lesion bypass of a template cdA. For the first time, we found that pol ␤ efficiently bypassed a 5 R-cdA during DNA replication and BER. However, the enzyme bypassed a 5 S-cdA with a low efficiency. Moreover, we further demonstrated that pol ␤ bypass of a cdA also led to nucleotide misinsertions and single-strand DNA breaks, indicating that pol ␤ lesion bypass of a cdA lesion during DNA replication and repair can induce mutations and strand breaks in the genome that ultimately results in genome instability.
Materials and methods

Materials
DNA oligonucleotides containing a 5 R-cdA or 5 S-cdA were synthesized and purified by HPLC as described previously [45] . The structures of 5 R-cdA and 5 S-cdA are illustrated in 
Oligonucleotide substrates
Substrates containing a 31-nt template strand with a 5 R-cdA or 5 S-cdA located at the 19th nucleotide counted from the 3 -end were designed to mimic DNA replication or BER intermediates with a cdA lesion on the template strand. The upstream primer of the substrates is an 18-nt strand without or with a 3 -terminus dT that base paired with the template cdA. The downstream primer of the substrates is a 13-nt strand with a 5 -phosphate or 5 -phosphorylated tetrahydrofuran (THF) residue, an abasic site analog. Substrates that mimic the lesion bypass intermediates formed during DNA leading strand synthesis were constructed by annealing an 18-nt upstream primer containing a 3 -terminus dT with the cdA-containing template strand at a molar ratio of 1:2. Substrates representing the intermediates with a 1-nt gap opposite a template cdA formed during DNA lagging strand synthesis and BER were constructed by annealing the 18-nt upstream primer and a 13-nt downstream primer with a 5 -phosphate or 5 -THF residue with the template strand containing a 5 R-cdA or 5 S-cdA at a molar ratio of 1:1:2. Substrates were radiolabeled at the 5 -end of the upstream primers or the 3 -end of downstream primers for measuring the activities of different enzymes. The sequences of the oligonucleotide substrates are listed in the Supplementary Table S1.
2.3. Translesion DNA synthesis in bypassing a cdA in mouse embryonic fibroblast (MEF) cell extracts MEF cell extracts were prepared according to the procedure described previously [46] . Briefly, pol ␤ null (pol ␤ −/− ) and wildtype pol ␤ (pol ␤ +/+ ) MEF cells were grown to near confluence. Cells were then harvested and lysed with rotation at 4 • C in lysis buffer. Cell lysates were then subject to centrifugation at 12,000 rpm for 30 min to obtain whole-cell extracts. The whole-cell extracts were subsequently dialyzed into BER reaction buffer containing 50 mM Tris-HCl, pH 7.5, 50 mM KCl, 0.1 mM EDTA, 0.1 mg/ml bovine serum albumin and 0.01% Nonidet P-40. Levels of pol ␤ protein in different cell extracts were determined by immunoblotting using rabbit anti-mouse pol ␤ antibody (a generous gift from Samuel H. Wilson at NIEHS/NIH) (Data not shown). DNA synthesis activity was measured by incubating 60 g of cell extracts with open template substrates with an upstream primer, that contained a 5 R-cdA or 5 S-cdA on the template strand, or with gapped substrates with a 1-nt gap opposite a template 5 R-cdA or 5 S-cdA with a 5'-phosphate or 5'-phosphorylated THF residue. Reaction mixtures were assembled on ice and incubated at 37 • C for 30 min. Reactions were terminated by addition of 15 l of stopping buffer containing 95% formamide and 10 mM EDTA and subsequent incubation at 95 • C for 5 min. Substrates and DNA synthesis products were separated by 15% or 18% urea-denaturing PAGE and detected by Pharos FX Plus PhosphorImager from Bio-Rad (Hercules, CA, USA).
In vitro BER reconstituted with purified enzymes
In vitro BER of an abasic lesion that is opposite a cdA was performed by incubating purified pol ␤, FEN1, LIG I with the substrates containing a 1-nt gap opposite a 5 R-cdA or a 5 S-cdA on the template with a downstream 5 -THF residue. The 10-l reactions were reconstituted with the indicated concentrations of BER enzymes and substrates in BER reaction buffer with 50 M dNTPs, 5 mM MgCl 2 and 2 mM ATP. Reaction mixtures were assembled on ice and incubated at 37 • C for 30 min. Reactions were terminated by addition of stopping buffer containing 95% formamide and 10 mM EDTA and incubation at 95 • C for 5 min. Substrates and products were separated by 15% or 18% urea-denaturing PAGE and detected by Pharos FX Plus PhosphorImager. All substrates were 32 P-labeled at the 5 -end of the upstream primer.
Enzymatic activity assays
Lesion bypass synthesis activity of pol ␤ was determined with the open template and gapped substrates with a 5 R-cdA or 5 ScdA in the template. Pol ␤ lesion bypass DNA synthesis activity on the open template was determined with the substrates without or with a 3 -terminus dT that is opposite a template 5 R-cdA or 5 ScdA. The lesion bypass DNA synthesis activity was determined at 37 • C for 30 min in a 10-l reaction mixture in BER reaction buffer with 50 M dNTPs and 5 mM MgCl 2 . Reaction mixtures containing various concentrations of pol ␤ and 25 nM substrates and BER buffer with 5 mM MgCl 2 and 50 M dNTPs, were assembled on ice and incubated at 37 • C for 30 min. FEN1 cleavage activity was measured by incubating the substrates containing a 1-nt gap without or with a downstream 5 -phosphorylated THF with the enzyme in the absence or presence of pol ␤ in BER buffer with 5 mM MgCl 2 and 50 M dNTP at 37 • C for 30 min. Reactions were terminated by addition of stopping buffer containing 95% formamide and 10 mM EDTA and incubation at 95 • C for 5 min. Substrates and products were separated by 15% or 18% urea-denaturing PAGE and detected by a Pharos FX Plus PhosphorImager.
Results
Pol ˇ plays an important role in bypassing a cdA lesion
Pol ␤ is a key enzyme that plays an essential role in mediating efficient BER in mammalian cells by removing a 5 -dRP group as well as filling in a single-or multi-nucleotide gap [47] . It also plays a critical role in lesion bypass synthesis during DNA leading and lagging strand synthesis [40, 43] to facilitate Okazaki fragment maturation [40] . Therefore, pol ␤ may also play an important role in bypassing a cdA lesion during DNA replication and BER. To determine whether pol ␤ can play a role in bypassing a cdA, we initially determined DNA synthesis in bypassing a 5 R-cdA and 5 S-cdA in cell extracts with pol ␤ deficiency (pol ␤ −/− ) and pol ␤ proficiency (pol ␤ +/+ ) with the open template substrates containing a 5 R-cdA or 5 S-cdA on the template strand ( Fig. 2A) as well as the 1 ntgapped substrates containing a template 5 R-or 5 S-cdA with a 5 -phosphate (Fig. 2B ) and 5 -phosphorylated THF residue (Fig. 2C) . The results showed that a significant amount of lesion bypass products were generated with the substrates containing a template 5 R-cdA in pol ␤ +/+ cell extracts (lane 3 of Fig. 2A-C) . However, pol ␤ −/− cell extracts exhibited very weak lesion bypass synthesis with the substrates (lane 2 of Fig. 2A-C) . On the other hand, pol ␤ +/+ cell extracts performed weak DNA synthesis on the substrates containing a template 5 S-cdA (lane 6 of Fig. 2A-C) . However, little lesion bypass synthesis products was generated by pol ␤ −/− cell extract with the substrates (lane 5 of Fig. 2A-C) . The results showed that in the presence of pol ␤, the amount of lesion bypass products was increased by about 2 to 5-fold (the bottom panel of Fig. 2A-C) . This indicated that pol ␤ played an important role in bypassing a cdA lesion during DNA replication and BER. Pol ␤ plays an important role in bypassing a cdA lesion during DNA replication and BER. To test whether pol ␤ is involved in bypassing a cdA lesion during DNA replication (the leading strand synthesis and Okazaki fragment maturation) and BER, DNA synthesis was examined by incubating cell extracts of pol ␤ −/− and pol ␤ +/+ MEFs with open template substrates that contained a template 5 R-cdA or 5 S-cdA (A) and 1-nt gapped substrates containing a template 5 R-cdA or 5 S-cdA (B) under the conditions described in Section 2. (C) Pol ␤ DNA synthesis in bypassing a template cdA lesion during BER was measured by incubating substrates that contained a 1-nt gap opposite a template 5 S-cdA or 5 R-cdA and the downstream primer containing a 5 -phosphorylated THF residue. In all panels, Lanes 1 and 4 correspond to substrates only. Lanes 2 and 5 correspond to reaction mixtures with 60 g pol ␤ −/− MEFs extracts. Lanes 3 and 6 correspond to reaction mixtures with 60 g pol ␤ +/+ MEFs extracts. The bottom panels illustrate the quantitative analysis of pol ␤ DNA synthesis in bypassing a cdA lesion of the substrates. Substrates were 32 P-labeled at the 5 -end of the upstream primer as indicated. Substrates are illustrated schematically above the gel.
3.2. Pol ˇ bypasses a 5 R-cdA efficiently and stalls at a 5 S-cdA Previous studies have shown that some Y family translesion synthesis polymerases such as pol can bypass a 5 R-cdA and 5 S-cdA with different efficiency [19, 23] . To further determine if pol ␤ can bypass a 5 R-cdA and 5 S-cdA during DNA replication and BER, we examined pol ␤ DNA synthesis in bypassing cdA lesions by incubating increasing concentrations of purified pol ␤ with open template substrates, as well as 1 nt-gapped substrates containing a template cdA. The results showed that with the open template substrates, 10 nM of pol ␤ efficiently bypassed a 5 R-cdA and performed its multi-nucleotide DNA synthesis (Fig. 3A, lane 2) . With increasing concentrations of pol ␤ (25 nM and 50 nM), the amount of pol ␤ DNA synthesis products from bypass of a 5 R-cdA was significantly Pol ␤ DNA synthesis after a template cdA was bypassed during Okazaki fragment maturation and BER was examined with nick substrates in which the cdA was base paired with a dT. Pol ␤ DNA synthesis to extend a dT that was base paired with a template cdA during BER was measured by using nick substrates that contained a downstream primer with a 5 -phosphorylated THF residue. For both panels (C) and (D), lanes 1, 5, 9 and 13 correspond to substrates only. Lanes 2-4, 6-8, 10-12 and 14-16 correspond to reaction mixtures with 5, 10 and 25 nM pol ␤, respectively. Substrates were 32 P-labeled at the 5 -end of the upstream primer as indicated. Substrates are illustrated schematically above the gel.
increased (Fig. 3A, lanes 3 and 4) . However, pol ␤ exhibited weak DNA synthesis activity during its bypass of a 5 S-cdA (Fig. 3A, lane  6) . With increasing concentrations of pol ␤, the amount of its 1-nt insertion product was increased along with a slight increase in its multi-nucleotide DNA synthesis (Fig. 3A, lanes 7-8) . The results indicated that pol ␤ efficiently bypassed a 5 R-cdA, but stalled after it inserted a dT for bypassing a 5 S-cdA. The stalled pol ␤ DNA synthesis suggests that the base lesion conferred a strong inhibitory effect on polymerase lesion bypass synthesis during DNA leading strand synthesis. To further determine whether pol ␤ can continue to perform its lesion bypass synthesis after it inserts one nucleotide that base pairs with a template cdA, we examined pol ␤ synthesis activity with the open template substrates containing a 3 -terminus dT that base paired with a template 5 R-cdA or 5 S-cdA (Fig. 3B) . These substrates mimic the intermediates resulting from pol ␤ 1-nt insertion that are generated during leading strand synthesis. We found that pol ␤ at 10-50 nM performed efficient DNA synthesis to extend a dT, which base paired with a 5 R-cdA (Fig. 3B, lanes 2-4) .
However, the polymerase failed to extend a dT that base paired with a 5 S-cdA (Fig. 3B, lanes 6-8) , indicating that the 5 S-cdA lesion completely inhibited pol ␤ DNA synthesis. Similar to its lesion bypass DNA synthesis with the open template substrates, pol ␤ exhibited efficient DNA synthesis with the 1-nt gapped substrates containing a 5 R-cdA without or with a 5 -phosphorylated THF residue that mimic a lagging strand maturation and BER intermediate, respectively (Fig. 3C, lanes 2-4 and lanes 10-12) . However, with the gapped substrates containing a 5 S-cdA, the enzyme only inefficiently inserted one nucleotide to base pair with the lesion (Fig. 3C,  lanes 6-8 and lanes 14-16) . For the nicked substrates containing a 3 -terminus T that base paired with a 5 R-cdA without or with a 5 -THF residue, pol ␤ efficiently extended the dT (Fig. 3D, lanes 2-4  and lanes 10-12) , but failed to extend a 3 -terminus dT that paired with a 5 S-cdA (Fig. 3D, lanes 6-8 and lanes 14-16) . The results indicated that pol ␤ effectively bypassed a 5 R-cdA, but stalled at a 5 S-cdA after it inserted a dT that base paired with the lesion. This further suggests that a 5 S-cdA on the template distorted the DNA double-helix structure. This subsequently disrupted pol ␤ binding to the substrates and its nucleotide insertion and further inhibited pol ␤ multi-nucleotide DNA synthesis during its lesion bypass.
3.3. FEN1 cleavage activity during pol ˇ lesion bypass of a 5 R-cdA and 5 S-cdA FEN1 plays an essential role in both Okazaki fragment maturation and long-patch BER by removing a 5 -flap created by strand displacement synthesis of replicative DNA polymerases, pol ␦/ , or repair polymerases such as pol ␤ [48, 49] . Removal of an oxidized or reduced deoxyribose phosphate during long-patch BER is dependent on FEN1 flap cleavage activity [47, 50] . Because pol ␤ DNA synthesis can result in the formation of a flap, thus, it may affect FEN1 cleavage. To further determine if FEN1 cleavage during Okazaki fragment maturation and BER can be affected by pol ␤ lesion bypass of a cdA, we examined FEN1 cleavage activity on the 1 nt-gapped substrates containing a template cdA without or with a 5 -THF residue in the absence and presence of pol ␤ (Fig. 4) . The results showed that for the substrates with a template 5 R-cdA, in the absence of pol ␤, FEN1 mainly removed 1 or 2 nucleotides from the downstream strand (Fig. 4, lanes 2 and 8) . In the presence of pol ␤, FEN1 cleavage was significantly stimulated, and it predominantly removed a flap containing 5 or 6 nucleotides (Fig. 4, lanes 3  and 9) . This indicated that after pol ␤ efficiently bypassed a 5 R-cdA, it kept inserting nucleotides to perform strand displacement synthesis, creating a 5-nt or 6-nt downstream flap for FEN1 cleavage. In contrast, for the 5 S-cdA containing substrates, in the absence of pol ␤, FEN1 removed 2-4 nucleotides (Fig. 4, lanes 5 and 11) . The presence of pol ␤ did not significantly alter FEN1 cleavage activity (Fig. 4, lanes 6 and 12) , indicating that pol ␤ failed to efficiently bypass a 5 S-cdA. This allowed FEN1 to remove more nucleotides than were inserted by pol ␤, leaving a gapped intermediate that failed to be sealed by LIG I. This subsequently led to accumulation of a single-strand break intermediate.
A 5 S-cdA lesion disrupts the completion of Okazaki fragment maturation and BER by inhibiting pol ˇ lesion bypass synthesis
When genomic DNA is under the challenge of oxidative stress, oxidative DNA damage including 8-oxoGs and cdPus can be generated simultaneously in DNA in vitro and in vivo at a significant percentage [51, 52] . Because cdPus including cdA lesions can only be repaired by nucleotide excision repair with low efficiency, this allows the accumulation of the lesions in the genome readily. Thus, 8-oxoGs and cdA lesions may occur simultaneously in the complementary strands of DNA with high frequency, and it is likely that BER of an 8-oxoG and an abasic lesion in one strand of the genome may encounter a cdA base lesion accumulated in the template strand. This could allow pol ␤ to perform DNA synthesis to bypass a cdPu lesion, thereby subsequently altering the efficiency of lagging strand maturation and BER. It has also been suggested that BER of a uracil opposite a 5 S-cdA is compromised because the lesion can alter the geometry of duplex DNA [53] . To test this possibility, we reconstituted DNA lagging strand maturation and BER with the substrates containing a 1-nt gap opposite a 5 R-cdA or 5 S-cdA without or with a 5 -THF residue (Fig. 5) . With the substrates containing a 5 R-cdA, pol ␤ exhibited efficient lesion bypass synthesis leading to the production of a significant amount of replication and repair products (Fig. 5, lanes 2-4 and 10-12) , indicating that pol ␤ bypass of a 5 R-cdA led to the completion of lagging strand maturation and BER. However, with the substrates containing a 5 S-cdA, pol ␤ only inserted a dT to bypass a template 5 S-cdA and failed to further extend the nucleotide by inserting additional nucleotides (Fig. 5, lanes 6-8 and 14-16) , resulting in the accumulation of a single-strand DNA break intermediate with a template 5 S-cdA. These results demonstrated that inefficient bypass of a 5 ScdA by pol ␤ prevented the completion of lagging strand maturation and BER. This further suggests that a 5 S-cdA induced DNA strand distortion more severely than a 5 R-cdA, thereby inhibiting pol ␤ lesion bypass and preventing the completion of Okazaki fragment maturation and BER.
Pol ˇ can bypass a 5 ,8-cdA through nucleotide misinsertion during DNA replication and BER
Previous studies have shown that cdA lesions can completely block DNA synthesis of human replication polymerases such as pol ␦, causing replication fork stalling through inducing the distortion of DNA backbone [19] . To resolve the stalled replication fork and restart DNA replication, Y family DNA translesion polymerases are recruited to perform translesion synthesis for bypassing the base lesions [22] . However, a template 5 S-cdA can also block the lesion bypass synthesis by Y family polymerases such as pol and pol , resulting in the accumulation of DNA strand breaks leading to apoptosis [23] [24] [25] . Because pol ␤ has also been shown to exhibit translesion synthesis to bypass a DNA base lesion during DNA replication and BER [33, 36, [38] [39] [40] [41] [42] [43] Thus, it is possible that pol ␤ can be recruited to perform translesion synthesis to bypass a cdA lesion. However, several studies have shown that pol ␤ lesion bypass synthesis can induce a high frequency of mutations in the genome [30, [33] [34] [35] [36] [37] [38] [39] 41, 42] . Furthermore, because of lacking a proofreading 3 -5 exonuclease activity, high levels of pol ␤ are associated with high mutation rates in a variety of cancer cells [54] [55] [56] . To investigate whether pol ␤ bypass of a cdA can induce mutations in the genome, pol ␤ nucleotide insertion during its bypass of a cdA was determined by incubating the open template and gapped substrates that contained a template 5 R-cdA or 5 S-cdA with 5 nM and 50 nM pol ␤. The results showed that at a low concentration (5 nM), pol ␤ mainly inserted a dT to base pair with a 5 R-cdA with the open template substrates (Fig. 6A, lane 3) . However, the enzyme also inefficiently inserted a dA, dC or dG to basepair with the 5 R-cdA (Fig. 6A, lanes 2, 4 and 5) . On the other hand, the same concentration of pol ␤ only inserted dT to base pair with a template 5 S-cdA (Fig. 6A, lane 8) and failed to insert a dA, dC or dG to bypass the lesion (Fig. 6A, lanes 7, 9-10) . Surprisingly, we found that with the 1-nt gapped substrates without a 5 -THF residue, 5 nM pol ␤ efficiently inserted both dT and dC to bypass a template 5 R-cdA (Fig. 6A, lanes  13 and 14) and inefficiently inserted a dA and dG to bypass the lesion (Fig. 6A, lanes 12 and 15) . For the 1-nt gap substrate containing a 5 S-cdA, 5 nM pol ␤ mainly inserted a dT to bypass the lesion (Fig. 6A, lane 18) . It also inserted a dA with a very low efficiency (Fig. 6A, lane 17) , but it failed to insert dC and dG (Fig. 6A,  lanes 19 and 20) . For the 1-nt gap substrates with a 5 -THF residue, 5 . Completion of DNA lagging strand maturation and BER through pol ␤ bypass of a cdA lesion. Reconstituted DNA lagging strand maturation and BER were performed to determine the effects of pol ␤ bypass of a cdA on completion of DNA lagging strand maturation and BER. Substrates containing a 5 -phosphate or 5 -THF residue with a 1-nt gap opposite a template 5 R-cdA or 5 S-cdA were incubated with indicated BER enzymes at the experimental conditions described in Section 2. Lanes 1, 5, 9 and 13 represent substrates only. Lanes 2-4, 6-8, 10-12 and 14-16 correspond to reconstitution reaction mixtures with 10 nM FEN1 and 5 nM LIG I in the presence of 5, 10 and 25 nM pol ␤, respectively. Substrates were 32 P-labeled at the 5 -end of the upstream primer as indicated. Substrates are illustrated schematically above the gel.
5 nM pol ␤ predominantly inserted a dT and dC to bypass a 5 R-cdA (Fig. 6A, lanes 23 and 24) , although the enzyme also managed to insert a dA and dG inefficiently to bypass the lesion (Fig. 6A, lanes  22 and 25) . The same concentration of pol ␤ inefficiently inserted a dT to bypass a 5 S-cdA (Fig. 6A, lane 28 ) and failed to insert other types of nucleotides to bypass the lesion (Fig. 6A, lanes 27, 29 and  30 ). At a high concentration of 50 nM, pol ␤ misinsertion in bypassing a cdA lesion with all the substrates was significantly increased (Fig. 6B, lanes 2, 4-5, lanes 12, 14 and 15, lanes 17, 19 and 20 , and lanes 22, 24 and 25, 27) . The high concentrations also significantly increased pol ␤ correct nucleotide insertion in bypassing a 5 S-cdA (Fig. 6B, lanes 8, 18 and 28) . However, the high concentrations of pol ␤ failed to increase the pol ␤ misinsertion of a dA to pair with a 5 S-cdA with the open template substrate (Fig. 6B, lane 7) . The results indicated that at both a low and high concentration, pol ␤ efficiently misinserted dC to bypass a 5 R-cdA during DNA lagging strand maturation and BER. However, a high concentration of pol ␤ also significantly promoted its misinsertation of dA and dG during its lesion bypass. The results further suggest that pol ␤ bypass of a 5 R-cdA or 5 S-cdA lesion during replication and BER may be mutagenic, especially in the presence of a high level of pol ␤.
Discussion
In this study, for the first time we discovered that pol ␤ played an important role in bypassing a cdA lesion during DNA replication and BER (Fig. 2) . We provided the first evidence that pol ␤ efficiently bypassed a 5 R-cdA via multi-nucleotide insertions, whereas the enzyme mainly inserted 1 nt to bypass a 5 S-cdA lesion and failed to further perform its multi-nucleotide lesion bypass DNA synthesis (Figs. 2 and 3 ). This resulted in disruption of its DNA synthesis in bypassing a 5 S-cdA during DNA replication and BER. Furthermore, we discovered that a 5 S-cdA on the template strand also slightly facilitated FEN1 removal of a long flap (Fig. 4) , suggesting that the lesion induced a distortion on the DNA structure, thereby promoting dissociation of the downstream DNA strand from its template. This further resulted in the formation of a flap that can be efficiently cleaved by FEN1 leaving gapped DNA thereby inhibiting the completion of DNA replication and repair and leading to accumulation of single-strand intermediates (Fig. 5) . Moreover, we found that during DNA replication and BER, a low concentration of pol ␤ inserted both a correct and incorrect nucleotide to bypass a cdA, whereas a high concentration of pol ␤ stimulated its nucleotide misincorporation in bypassing a cdA (Fig. 6) . Our results support a model in which a 5 R-cdA induced by ROS during DNA replication or BER can be efficiently bypassed by pol ␤. In the presence of a low concentration of pol ␤, a correct nucleotide is inserted to base pair with the lesion. Pol ␤ continues to perform strand displacement synthesis, creating a long flap which is subsequently cleaved by FEN1. This leads to the production of a nicked DNA that is sealed by LIG I, resulting in no mutation in the replication and repair products (Fig. 7, sub-pathway 1, left) . However, both a low and high concentration of pol ␤ can also insert a dC or dG or dA to bypass a 5 R-cdA, resulting in mutations (Fig. 7, sub-pathway 1, right) . On the other hand, a template 5 S-cdA induces the DNA distortion promoting dissociation of the downstream strand from its template strand resulting in the formation of a small flap. Pol ␤ inefficiently inserts a dT to base pair with a template 5 S-cdA and stalls (Fig. 7 , sub-pathway 2). Subsequently, this allows FEN1 to remove more nucleotides than pol ␤ synthesizes, resulting in accumulation of single-strand DNA break intermediates (Fig. 7, sub-pathway 2) .
Employing the cell extract-based in vitro approach, we have demonstrated the involvement of pol ␤ in cdA lesion bypass during DNA replication and repair explicitly. And our results obtained from pol ␤ +/+ and pol ␤ −/− MEFs indicate that pol ␤ plays an important role in bypassing cdA lesions (Fig. 2) . This is also supported by a study from the Wilson group showing that pol ␤ −/− MEFs exhibited hypersensitivity to the oxidative DNA damaging agent, hydrogen peroxide than pol ␤ +/+ MEFs [57] . Because hydrogen peroxide is the precursor for generating hydroxyl radicals that can subsequently lead to cdA lesions, this further indicates that the hypersensitivity of pol ␤ −/− MEFs to hydrogen peroxide results from the accumulation of oxidized DNA lesions including cdA lesions and DNA strand breaks caused by the deficiency of lesion bypass in the absence of pol ␤.
Our results indicate that pol ␤ efficiently bypassed a 5 R-cdA ( Figs. 1 and 2) . However, it also inserted a significant amount of incorrect nucleotides to bypass the lesion at a low concentration (5 nM), and this was significantly stimulated at a high concentration (50 nM) (Fig. 6) . Given the fact that in mammalian cells, during BER of oxidative DNA damage, a large number of pol ␤ molecules can be recruited to damaged sites resulting in a high concentration of the enzyme that is accumulated at oxidized base lesions [58] , it is likely that pol ␤ nucleotide misinsertions can frequently occur during its bypass of a cdA in cells. This can then lead to a high frequency of mutations in genomic DNA. Our results are also consistent with previous findings showing that in human cancer cells, pol ␤ protein level has been increased significantly compared with normal cells, thereby inducing a high frequency of mutations [54] [55] [56] . Moreover, because of the lack of an intrinsic 3 -5 exonuclease, pol ␤ lesion In the presence of low concentration of pol ␤, a correct nucleotide can be inserted to base pair with a template cdA lesion. Pol ␤ can continue to perform strand displacement synthesis, resulting in the formation of a long flap which is subsequently cleaved by FEN1. This leads to a nicked DNA for LIG I to seal, resulting in no mutation in the replication and repaired product (Sub-pathway 1, left). However, a low level of pol ␤ can also insert a dC to base pair a cdA, and the nucleotide misinsertion is promoted at a high level of pol ␤ (Sub-pathway 1, right). This subsequently results in mutation during DNA replication and BER. On the other hand, a template 5 S-cdA can induce DNA distortion that promotes dissociation of the downstream strand from its template strand, thereby leading to the formation of an intermediate with a gap and short flap (Sub-pathway 2). The lesion also strongly inhibits pol ␤ lesion bypass synthesis as well as extension of the lesion bypass intermediate (Sub-pathway 2). Subsequently, FEN1 cleaves the flap removing more nucleotides than pol ␤ synthesizes, causing accumulation of gapped intermediates that can further lead to DNA strand break intermediates (Sub-pathway 2).
bypass can induce more mutations in the genome than replication polymerases through its nucleotide misinsertion during its lesion bypass synthesis [59] . It is conceivable that an extrinsic 3 -5 exonuclease that can remove a mismatched base may improve pol ␤ fidelity during its bypass of a template cdA. It has been reported that in addition to its cleavage of an abasic site during BER, APE1 also has 3 -5 exonuclease activity that can remove mismatched bases at the 3 -end in nicked or gapped DNA [60, 61] . Previous studies have also found that p53 can efficiently remove a misinserted base prior to the extension of the mismatched 3 -terminus by a DNA polymerase [62, 63] . Because APE1 can form a complex with pol ␤ [64] , and p53 can interact with pol ␤ [65] , it is possible that these proteins may cooperate with pol ␤ to remove a misinserted nucleotide incorporated by pol ␤ during its bypass of a cdA lesion. It is of interest to determine if APE1 and p53 can remove a mismatched base that pairs with a template 5 R-cdA, improving pol ␤ fidelity during its lesion bypass synthesis of a 5 ,8-cyclopurine-2 -deoxynucleoside.
Our results also demonstrated that bypass of a 5 S-cdA is a challenge for pol ␤ (Figs. 2 and 3) . We found that pol ␤ failed to extend the 3 -terminus after it inserted one nucleotide to base pair with a 5 S-cdA. This subsequently results in the accumulation of single-strand break intermediates that may subsequently lead to double-strand breaks and cell death. Previous studies have shown that pol ␤ DNA synthesis in bypassing an AP site during Okazaki fragment maturation can be promoted by proliferating cell nuclear antigen (PCNA) and replication protein A (RPA) [40] . It has been also shown that through coordination with FEN1 and RPA, pol ␤ strand displacement synthesis activity is also facilitated after it bypasses an abasic site [40] . It is conceivable that the replication and repair cofactors that can facilitate pol ␤ lesion bypass activity and primer extension may facilitate pol ␤ bypass of a 5 S-cdA as well as its extension of the lesion bypass intermediates. Therefore, it is of interest to investigate how BER cofactors, PCNA and RPA may also facilitate pol ␤ bypass of a 5 S-cdA, preventing the formation of DNA strand break intermediates and cell death.
In summary, in this study, we identified that pol ␤ played an important role in bypassing a template cdA lesion during DNA replication and BER. We provided the first evidence that pol ␤ can efficiently bypass a 5 R-cdA, but inefficiently bypass a 5 S-cdA, resulting in the incompletion of DNA replication and repair and accumulation of strand break intermediates. Moreover, we found that pol ␤ inserted an incorrect nucleotide to bypass a cdA, and this was promoted by a high concentration of pol ␤, indicating that the fidelity of pol ␤ bypass of a cdA lesion during DNA replication and BER can be modulated by the concentrations of pol ␤. This may further result in mutations in the genome. In addition, we demonstrated that a template 5 S-cdA severely inhibited pol ␤ lesion bypass synthesis and induced dissociation of the downstream strand from the template strand resulting in the formation of a short flap (Figs. 4 and 7 sub-pathway 2) . This subsequently led to poor pol ␤ DNA synthesis along with relatively efficient FEN1 flap cleavage on the downstream strand, resulting in the accumulation of strand break intermediates (Fig. 5, lanes 6-8 and lanes 14-16) . Our results reveal that pol ␤ bypass of a cdA can result in nucleotide misinsertions and DNA strand breaks during DNA replication and BER, thereby resulting in genome instability.
